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Abstract
Most fall mitigation devices present a heavy system that avoid injuries to the user by
preventing the impact of a fall. They are dependent on the user capability or on the probability that
the user falls in the assumed manner the system was designed for. Often that is not the case, hence
this project initiates a novel concept of using soft robotic arms to prevent falls from happening in
the first place itself and save the user from any injuries. This thesis describes the prototype and
development of a soft continuum robotic backpack system. The system can validate its use in fall
mitigation over the front, backward, or sideways direction. The soft robotic arm is constructed with
a bladder made of a soft rubber tubing , surrounded by a nylon braiding to allow the extension
of the arm in the desired positions, sealed with custom made 3D printed nylon barbed connectors
and plugs. The backpack is placed on a plastic mannequin and subjected to controlled falls in the
directions mentioned above in a single plane. Results of the experiments with the prototype for each
test scenario have been discussed.
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Chapter 1

Introduction
1.1

Overview
Falls are the second leading cause of unintentional injury deaths worldwide, in fact, each

year as estimated 684,000 individuals die from falls globally [1]. In the United States, it is leading
cause of injury and death with over 36 million falls reported each year [2]. In 2018, 27.5% of adults
aged 65 years and above reported at least one fall in the past year and 10.2% reported a fall related
injury [3]. The majority of falls have been a result of falling directly sideways [4]. It has also been
reported that 95% of hip fractures related emergencies are caused by the result of falls [5]. Fear of
falls also is one of the most significant risk factors that could be perceived amongst elderly adults
[6].
People suffering from prior physical injuries and the general elderly are the individuals who
are most likely to be susceptible to falls. People often take the help of passive walkers, canes or
crutches to help balance themselves and provide some sort of support and stability to allow them
to have some sort of mobility [7]. These passive devices do help the individuals gain some sort of
strength and stability over time during ambulation, but they seldom provide means to prevent an
occurring fall. A statistic displays that 47,312 older adults have fall related injuries while using a
passive fall prevention device, out of which 87.3% were with walkers, 12.3% with canes and 0.4%
with both [8].
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1.2

Background
For most medical patients, crutches, canes, and walkers are generally used at different phases

of recovery. For a person who finds it difficult to balance himself without any assistive device, a walker
seems to be the most feasible alternative [9]. A pickup walker with four legs provides the individual
with stability and ease of movement than what one would get with the other two alternatives at the
time. However, each time the static walker is used, the user needs to lift the walker and place it
ahead to allow himself/herself to move in the forward direction, it makes it difficult to do so in the
presence of an uneven terrain. This makes the user insecure and often leads to an under confident
situation which does not help the purpose of using the walker [10].

Figure 1.1: Static walker (left)[9], Rollator with 4 legs (center)[11] and Axilla crutches (right)[12]

On the contrary, when the stability and balance can be attained and ease of movement
becomes troublesome, a mobile walker could be used wherein the legs of the walker are attached to
wheels which allow it to move freely so long as the user has the capability of using the hand brakes
on the handles of the walker to control his/her movement. These devices provide the individual with
a passive system that reduces the tendency of falling. However, in the unfortunate occurrence of a
fall, the walker plays little or no role in preventing the fall but could rather influence it due to their
lack of stability under the influence of exceeding loads if the individual loses control of the system
and is unable to apply the brakes in the instance of a fall [13].
Crutches are medical devices specifically used to aid in ambulation, by transferring the body
2

wight of the individual from their legs to the torso and arm [14]. These devices are preferred by
individuals with any temporary or permanent conditions where the lower extremity balance and
weight bearing exists with a patient, however, with the condition that the individual possesses the
physical upper body strength and coordination to carry and move their weight. The most commonly
used Crutches are the Axilla crutches which can be seen below. They are generally made of a hollow
aluminium tube that is very lightweight and contain a non slip elbow padding and a padded bottom
to ensure the crutches do not slip. However, these sort of crutches can only be used for a short term
as they can cause ill-effects to the upper boy due to the overlying load of carrying the whole weight
beneath the arms [15]. It may also lead to something called as crutch paralysis as the nerve endings
in the armpit can damage themselves under the constant load [16].
The disadvantage of using Axilla crutches again, is that, it is a passive system and produces
no feedback in an instance of a fall. It can also lead to falls due to lack of coordination or slipping
of the bottom pad due to lack of friction because of wear. Also, crutches are almost never seen to
be used with the elderly and hence, it only is employable over a certain demographic.
Apart from these passive devices, technology has provided the community with a few more
sophisticated alternatives which provide a higher grade of safety and helps the needy to avoid the
occurrence of a fall. One such smart device was developed by the Japan Advanced Insitute of Science
and Technology called the JAIST active robotic walker. JAIST had the capability of autonomously
adjusting the direction and speed based on the user’s walking movements [17]. It functions by using
a pair of laser range finders to detect the position of the users legs with respect to any obstacles in
the path of movement.

Figure 1.2: An illustration of JAIST smart walker(left)[17] and the ISRAI-WALKER (right)[18]

3

Another prototype of a smart walker is the developed ISR-AIWALKER can be seen above.
The model is quite similar in construction to the generic walker but uses a pair of force sensitive
handles, a bunch of different sensors to provide gait feedback to the user to help the motion in the
intended direction [18].
Providing gait feedback is necessary, but for individuals who find it inconvenient to use
walkers or rollators, a simpler model of a smart crutch was also introduced to help provide some
feedback to the user to make it more effective and usable. According to the paper [19], these smart
crutches were capable of measuring the weight that the individual places on the lower extremities
and provides vibratory feedback in response to the measured weight. The system construction looks
quite similar to a normal elbow crutch used widely for ambulation as well.

Figure 1.3: System Design of Smart Crutches[19]

For most instances of an aged individual falling, help from another family member is always
important in that instant. A type of smart crutch seen above places an IMU sensor in the crutch
that identifies a fall condition and provides a GPS signal through a tracker to the caretaker that a
fall has occurred to allow for a quick response in that situation [20]. This way immediate care can
be provided to avoid any damaging situations further.
The previous model shown, presents an opportunity to provide external help for an individual in an instance of a fall. This system provides an opportunity to prevent any injuries in the
instance of a fall. This system is an airbag deployment prototype. This model presents a design
wherein a jacket is developed to protect the head and hips when a person falls by automatically
inflating an airbag that absorbs the shock of the fall and reduces the impact on the human body.
The fall-sensing algorithm uses a triaxial, single-unit accelerometer and angular velocity sensor with
a compact design and batter powered operation [21]. The gas cartridge used for the air inflation
system is released after the fall to deflate the bag and slowly bring the individual to the ground
avoiding injuries to the hip and then can be replaced with another cartridge for reusability [22].
For individuals who find it difficult to balance themselves or have spine issues and cannot

4

Figure 1.4: Airbag inflation jacket for fall injury protection[21]

hold a passive device straight. An interesting invention to solve the issue for such individuals is the
development of the Intelligent Cane Robot(iCane) which uses a DC motor driven universal joint. It
allows for easy movement in uneven terrains, and helps provide the stability and assistance to the
individual. The universal joint driven by two DC motors is used to reduce the moment causing the
cane from falling over thus resisting the human fall as well [23].
The use of soft robots has also been initiated in this view, where the prototype contains a
soft continuum robotic airbag system attached to a mobility walker. This system has the capability
of preventing an injuries to an individual at an instance of a fall in the forward, backward and
sideways direction depending on the direction of the fall. The inflation of the airbag significantly
reduces the g-force impact while being placed on the walker [24].
Most of these devices provide a system of avoiding any damage to an individual but never
actually prevent a fall from occurring. The motivation of this thesis is to develop a system that can
actually avoid a fall in an instance of it occurring.
5

Figure 1.5: A schematic illustration of the Intelligent Cane Robot (iCane) (left)[23] and Front view
of the soft continuum robotic airbag system (right)[24]

Soft robots are often used in large industries where automation is key. But, some of the
most promising areas of applications of soft robots include wearable soft robots, prosthetic limbs and
origami muscle robots [25]. This provides the motivation to develop a prototype that can be used to
mitigate falls with the use of soft robots in the form of McKibben muscles. McKibben muscles can
be regarded as active non-linear springs, where the stiffness can be controlled by the applied pressure
in the system [26]. Traditionally, industrial grade actuation components have been observed being
integrated with rigid braces or exoskeletons [27]. What can be observed of these systems are that
as compared to the rigid counterparts, they are generally cheaper, lightweight and possess a lower
inertia. This makes their use a feasible alternative for our thesis, as the model shall need minimal
assistance from the user while it actuates [28]. Most of the soft robotic devices are actuated either
electronically or pneumatically [29]. There are two types of McKibben muscles, a contraction and
a extension muscle [30] [31]. For the purpose of this systems application, the extension muscle is
chosen as the concept needs the system to expand to allow the arms to stretch out and attach itself
of a favorable object of the surroundings.

1.3

Thesis Overview
The chapters that follow describe the journey of designing, building, improving, and testing

the soft robotic backpack system. Chapter two describes the construction of the of the system,
along with early prototype tests for the validation of the model through trial and error and a brief

6

summary of the chosen electronic components. Chapter three describes the test scenarios designed
for proof of concept of the system and provides a discussion on the results attained from the same.
Chapter four contains conclusions reached about the project as a whole and suggestions for future
work.
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Chapter 2

Design and Development
In this chapter, we discuss the iterative development process of building our final system.
First, we cover early designs, the construction of the soft robotic arm, and finally the hardware and
software in the final system.

2.1

Initial Design and Considerations
Soft robots are often used by industries to provide freedom of movement and is used in

sorting mechanisms, it can also be used in medical profession while performing invasive surgeries
due to their shape changing properties which help doctors navigate spaces in the body which are
often difficult to access by a human hand due to its lack of freedom of movement. Keeping that in
mind, we began to design a miniature soft robot by using McKibben muscles to do the job for us
for our application.
McKibben muscles consists of four main components namely, the inner tube or bladder which
has the ability to constantly inflate or deflate based on what is desired from it, an outer fiberglass
braiding which provides strength and also constraints the bladder which causes the McKibben to
increase or decrease its length, a barb connector to allow pneumatic air into the system for inflating
the system, and an end plug which ensures the system does not leak and hold the pressure that it
is applied.

8

Figure 2.1: Single Muscle Design

2.1.1

Construction of a single muscle
The construction procedure and setup of each muscle is quite important, firstly, the rubber

tubing of 1 inch outer diameter made of elastomers [32] was cut to a 10 cm length, the braids [33]
made of high strength PET of 1/2 inch diameter needs to be heat treated before being set on the
bladder as the system needs to provide as much length as possible within the 10 cm to allow it
to sit without any initial stress and provide extension length when the system is pressurized. To
do so, a solid wooden shaft is taken of the same length as the bladder and the braid is inserted
into the shaft till it reaches the other end. The other end is then constrained using metal circular
clamps and the braiding is then further pushed in till it starts to shear and roll over the layer of
braiding currently constrained. This ensures maximum length of braiding that can be inserted into
the system. Once that was done, the braiding is then constrained on the other end and put into an
oven at 150-degree Celsius for 15 minutes. This is also done because constraining the braiding also
increases its diameter when compressed which was needed to ensure that it can be inserted into the
bladder.
The insertion of the braiding into the tube is a difficult process as it needs to be pushed
above the rubber tubing which resists its slipping due to its high coefficient of friction. Hence, to
make the process smooth a motor system was developed which can be seen below.
This system was used to clamp the rubber tubing at one end, and being tied to a string
that is attached on the motor which can extend its shaft or contract it based on need. It is also
crucial that the braiding is kept over this shaft so that the threading does not interfere with the
insertion and also allows the braiding to smoothly slide over the tube. Once the initial setting is
achieved, the motor pulls the shaft towards itself and pulls the rubber tubing thus causing it to
extend. According to the laws of physics, as the rubber tubing extends or is pulled, its diameter
9

Figure 2.2: Rig made for inserting braiding over the bladder with ease

decreases proportionally to the extended length. This is our desired state to slide the braiding as
the walls of the rubber tubing do not hold the braiding close to itself anymore and allows smooth
insertion over the tubing. Once the braiding is completely inserted into the system, the motor is
instructed to release the length back again and the shaft of the motor is pushed out. This causes
the rubber tubing to again reduce its length back to 25 cm and increase its diameter to create a
strong hold over the braiding above it.
Once the braiding is inserted, the barbed connector and the end plugs are inserted into
their respective ends of the tubing and the system is sealed using the circular metal clamps. While
inserting the end plug and the barb, it is imperative to observe that they don’t slide inside smoothly
as that means that there exists enough gap for air to escape through which can cause leaks. Hence,
the custom designed 3D printed end connectors (barbed connector and end plug) were made to
ensure that the diameter of the inserted portion is slightly larger than the diameter and also provide
a surface area for the circular clamps to constraint the muscles and secure it beneath it. The designs
of these custom-made end connectors can also be seen below.

Figure 2.3: Custom made 3D printed barbed connectors and end plugs (left) and side view of bladder
and braiding assembly (right)
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2.1.2

Requirements and constraints
The first step after designing McKibben muscles was to verify and validate if the assembly

of these components would suffice the need and demands of our application. To do so, the assembly
of one such muscle was to undergo appropriate tests to understand the requirements and constraints
of the system. The following parameters were checked in the initial stage of the design to define the
requirements of our system:
• The muscles can provide a high pressure to length ratio when pressurized.
• The muscles have enough strength to carry a load that would be needed for our system.
• The maximum pressure that the muscles can be subjected to individually before the assembly
fails.
• The maximum length after which the braiding or the bladder is damaged.
Once these parameters could be set, the outer bounds or constraints/limitations of the
system would be defined. To perform the tests, a dial operated flow control switch in conjunction
to a pneumatic regulator is used to track the pressure inserted into the system. The dial provides a
manual operating switch with which the pressure in the system can either be increased or decreased.
This provides control in the hands of the operator and also means to define the bounds as discussed
above. The pressure is applied through a compressor which in connected through a 6 mm tube that
is attached in the regulator as the input and another tubing is connected from the regulator to the
input plug that is attached to the barbed connector. These input plugs are push to attach/detach
plugs that provide a press fit when attached and allow a smooth passage of air flow through them.
To perform these tests, the operator must gradually turn the dial and increase the pressure
and note the incremental increase in length with the increase in pressure. From doing so, the operator
will notice that the pressure and length are proportional to each other with a linear increase in both
parameters as the system is activated under no load conditions. The second parameter, was to
define the upper pressure bound. To define the maximum pressure, the first level bound was set by
the pneumatic regulator which maxed out at 130 psi. Thus, a system level constraint is to operate
below those pressures.
The next constraint had to be set for the muscles and to note the pressure at which these
muscles would start leaking, damage the inner bladder or pop any of the end connectors out of
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the system. Checking for the same, the results observed a limit of about 65 psi for each muscle.
This would mean that the pressure constraint needs to be further reduced to that amount and the
operation must be conducted within the limits of the muscle. While noting the extension of the
muscles, an extension of 30 percent of the original length was observed and noted as the upper
bound of extension for the system. Lastly, using the above set parameters a load test needs to be
performed to understand the load carrying capacity of a single McKibben muscle. For doing so, the
input end of the muscle is clamped to the end of a table to ensure its fixed in position and the muscle
is left outside as an overhang for it to move freely. The compressor pressure is kept slightly above the
upper bound of pressure as that ensures the air has a capability to provide a pressure more than the
upper bound thus allowing the pneumatic regulator to regulate it and comfortably apply pressure
up to 65 psi without an issue or pulsating effect. Once these initial settings are achieved the muscle
is then actuated to 65 psi and small incremental ballistic loads are hanged at the overhanging end of
the muscle to check the load capacity. The increments were 0.5 kg each and the tests observed that
a single muscle is capable of carrying 1.5 kg weight against gravity under an overhanging condition.
On adding every incremental weight, the height of the muscle from the ground would decrease under
the application of load under the actuated conditions.

2.2

Multi-Muscle Section
The requirements for the functioning of a single muscle have been defined, also the limi-

tations or constraints of the system for a single McKibben muscle have been observed. From the
analysis constructed, a single McKibben muscle needs to be scaled up into a multi-muscle section
as the desired output of the system needs to be able to function in more than one direction. An
actuation of a single muscle would lead to an extension only but for the purpose of the application
chosen it needs to be able to bend forward, backward and extend on the sides as well. This led to the
development of a three-muscle section which would then be tested on the same parameters as well
as its directional ability. It is also important to note that for these muscles to move in a particular
direction independently, it also needs to be constrained together to allow the system to move in the
direction of an extended muscle. An illustration of a three-muscle section can be seen below.
The three muscles are found together using a high tensile strength string, which in this case
is a fish net string that is sewed in together with each muscle in a zig zag manner to constrain the
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Figure 2.4: An assembled single muscle section

muscles tightly together. Due to its high tensile strength, it has the capability to hold the section
together without breaking and thus carry the section in the direction of the extended and actuated
muscle to bend it. The muscles are connected together in the form of a triangle or keeping them
at 120 degrees from each other. It is done to achieve the specific movements required, i.e., forward
backward and sideways. If one the muscle is actuated, it increases in length and the result of doing,
it so pulls the fishing net string with it to bend it towards the non-actuated muscles. An illustration
of a muscle section is shown below which contains only one actuated muscle and two non- actuated
muscles.
While developing this section it was also important to constrain the input plugs in a manner
that they hold each muscle at the same length apart from each other and also provide a sense of
stability to the mounting points as the system must actuate only in a single direction. A mounting
end plate with three holes, each for a muscle was designed and manufactured using additive techniques with 3 mounting holes each of 4 mm diameter. An illustration of the mounting end plate can
also be seen below.
Once the construction is completed, it is time to run some physical tests to verify if the
scaled-up model has a higher load capacity as well as the ability to extend in more than one direction.
To test these parameters, a testing rig is created on which a plate is going to be attached at the
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Figure 2.5: An assembled single muscle section bending to 180 degrees (left) and end plate design
for the muscle section (right)

top of the frame, to allow the section to hang from it. This allows the system to move within the
confined space while also making it easy to test the above parameters easily. To run the directional
test first, the hanging section is connected to this end plate and a single pipe is connected to one
of the input plugs of the muscles. Testing the system incrementally till 65 psi, as this is our upper
bound for a single muscle, the bending of the muscle is observed and the extend of the bending
is recorded. It was necessary to determine this capacity of the system as it is difficult to predict
the direction and shape the muscles would need to take to perform our application at this point.
On actuating one of the muscles, the bending can be observed quite clearly and as the pressure
was increased incrementally, the position of the end plug on the hanging end of the muscle would
determine the rotation that could be achieved. Starting from 0 with the muscle hanging straight
to a pressure of 65 psi where the muscles can be seen to be at almost 180 degrees from its initial
position, it is verified that the muscles have the capability to bend effectively and in a linear fashion
with respect to the pressure. This proves the hypothesis that these muscles have the ability to reach
the desired position to latch on to the railing effectively no matter which direction the body falls in
once an appropriate end- effector is made.
The next test would be to judge the load carrying capacity of this section. Previously, with
a single muscle, a weight of around 800 g to 1kg would be carried while holding its position and
a weight of 1.5 kgs could be carried with a deflection. Assuming the load capacity would increase
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linearly, the system should be able to carry a higher load based on the number of muscles being
actuated. To test both scenarios, first, a single muscle was actuated achieving the 180-degree rotation
at 65 psi, and a ballistic wight of 1.5 kg was tied to the muscle at the side of the end plug. The
deflection now was comparatively less but it was still present under the action of the applied load
under gravity. This load was then increased to 2 kgs and a noticeable deflection was observed which
was undesired. This proved that the load capacity would only depend on the number of muscles
that are actuated. Then, two of the muscles were actuated together but it could not match the
180-degree angle but lied somewhere between the 90-degree and 180-degree angle. This is because
now, the deflection was a resultant of the two applied pressures in the muscles and the direction lied
between the two axes of the muscles bending. The same weight was again applied and it appeared to
be able to handle the weight under the extended position with minimal deflection. Lastly, to judge
the maximum load carrying capacity, all the muscles were actuated in the horizontal direction as
there was only a minimal bending angle, also only because of a fraction of human error where one of
the muscles was slightly longer than the others which predominated the direction the section moves
in. The results derived a total weight of 2.5 kgs that the system could hold without losing its shape.
This result meant that the system still needs more power and robustness to be able to
handle the weight of the mannequin for our application. Hence, the next logical step was to create a
multi-section arm with two times the number of muscles with the hope that it would provide much
better feedback under the application of a load.

2.3

Multi-Section Arm
As noticed in the previous experiments and observations, the system did not satisfy the

needs of the system. While doing so also the grappling mechanism was to be given a thought, hence
the idea of using a multi-section arm came into being where, a higher degree of rotation could be
used to help grapple onto something and also provide a fail-safe method in case the fall cannot
be prevented. Also, more muscles would theoretically mean that the system must be stronger and
its capacity to carry a load must also increase. From what the observations have shown, the load
carrying capacity of the muscles is not linear, however a factor affecting those parameters is that the
system is not rigid but pneumatic and that leads to a few changes in the dynamics and kinematics
of the system.
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Figure 2.6: A multi-section robotic arm and input connector assembly

The construction of the multi-section arm is more complex than the previous designs of the
muscles. The multi-section arm consists of six muscles each of 25 mm length and 25.4 mm diameter,
with three in each section exactly the way the multi muscle sections were constructed. Here, the
two sections are divided into the primal and the distal section. The primal section is the side closer
to the input of the compressor and the distal section is the section that’s further away from the
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input. Both these sections have separate plug-in plates as can be seen in the illustration above.
Another crucial observation was that the diameter of the overall housing has not increased. The
same pattern and orientation of arms have been used and by adding another section, it allows this
system to take more complex shapes and having more length allows it to move more freely in the
three-dimensional space. For example, assuming it to lie in the orientation above, if one muscle of
the primal section is actuated and two muscles barring the one in line to the one that is actuated on
the primal muscle are actuated, the angle achieved would form a shape of an ”S”. Thus, it makes
the muscle more accessible with the 3D space around the environment. The setup of actuating these
muscles individually and was a tedious process as the input line to the distal section had to be
reached through the primal muscle section. To understand that, first the side view of the arm has
been shown below.
This illustration contains a new end plate connector which was 3D printed as well. The
concept of developing this sort of component was to allow all the input lines from the compressor
to be connected to the muscles in a confined way and without taking too much space in the system.
The 3 bosses extruded from the plate contain two holes of different diameters. That is due to
the difference in the sizing of the plugs that are attached to it. The plugs were made to sit in a
pressed fit condition but were also glued to the bosses to avoid any air leakage from this end as the
primal muscle chamber is open right beneath it. The smaller plugs are the single sizing plugs of
4 mm diameter, which are directly open to the chamber below. However, the larger plug of 6.35
mm diameter (1/4 inch) is a reducer which contains a 4 mm plug on the other side of the boss it
is attached to. The illustration of both these plugs has been shown below for understanding the
difference.
The reducer plug is then connected to a spiral tubing [34] that is inserted into the primal
muscle. The diameter of this tubing was to be smaller than the chamber of the muscles but also
long enough to have the capability to extend under the application of pressure. The spiral tubing
chosen has an outer diameter of 4 mm which meets the needs of our system and allows it to smoothly
enter the bladder when rotated in the direction of the spiral which makes the diameter smaller and
avoids contact with the bladder before it stretches out inside. This is done due to the high frictional
resistance of the bladder. Simply pushing the spiral would not allow it to move smoothly hence
rotating it and pushing it in makes it hold a potential energy which is released once its inside the
bladder and then stretches out to its original form.
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Figure 2.7: A side view of the multi-section arm

The connection between the primal and the distal section consists of barbed connectors that
we have used. They are being connected to a thicker end plate from both directions and having
the whole assembly glued together to ensure no leaks exist and no relative movement is seen while
actuating the system. The six barbed connectors being attached to the plate with three on either
side to have a secure connection to the muscles on both ends of the connection. The spiral tubing
placed in the primal section is then connected to a 4 mm input plug that is pressed fit into the
barbed connector on the distal section side. This means that the spiral tubing enters the inverted
barbed connector on the primal side and is attached to the other end of the connection. This is
done to ensure that both the sections are leak proof, do not interfere with one another and can be
controlled independently.
The input plug then opens the chamber for the air to allow to fill itself inside in the distal
section and then be actuated. The inside of the distal section is the same as the multi-muscle section
with a barbed connection on one side and an end plug on the other side of the bladder. This would
then complete the construction of the entire multi-section arm.
To validate the design, it is subjected to similar tests to the previous models again to gain
a comparative analysis between the multi-section arm, the multi-muscle section and a single muscle.
The first test would be to understand the extent of rotation that can be achieved with the multisection arm. To perform this test, a pair of muscles need to be actuated together to understand the
maximum rotation or bending that is achievable. The pair of muscles chosen must lie on the same
axis on both, the primal and the distal section. As noted above, this pair can be actuated from
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Figure 2.8: A multi-section arm’s bending at maximum allowable pressure

the connecting two input lines to one of the bosses on the plate connector on the arm. This would
mean the connected lines would result an actuation on the same axis in both sections, as desired.
To set up the test, the muscles are kept on a flat surface and actuated using the air compressor like
the previous tests. The pressure is increased incrementally and the response from the muscles is
observed with each increment. At 0 psi the muscle sits straight as is seen in the figure above. As
the pressure is increased, the single muscle on the primal and distal section starts extending, thus
causing the assembly to bend towards the direction of the un-actuated muscles as was expected.
When the pressure is increased to 65 psi, the arm can be observed to bend further and eventually
create a shape of a circle or rotate by an angle of 360 degrees. This is way higher than what was
achieved in a single section and calls for a favorable outcome as the arm is now capable of achieving
more complex shapes and rotations as compared to on single section.
The second test would be the application of load. This was a more complex assembly and to
judge its load carrying capacity or tensile strength was a difficult because the applied torque acting
on the body would be significantly higher as compared to the previous models due to an increase
in length of the overall muscle assembly. Also, the load acting on the muscles in the application
would have to fixed points, namely, the body the muscle is attached to and the railing where an
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end effector would be connected. Hence, the results of this test would not completely validate the
capacity of the assembly but only give a fair idea of the torque capacity and would need to be tested
on the completed assembly to actually understand the model in the same way.
Regardless, the same type of ballistic loads was applied from the arm clamped at the end
of a table. The six muscles are connected to input lines using a single regulator by using four
two-way splitters to divide a single line into six input lines from the same regulator. This is done
because the same pressure of 65 psi needs to be applied to all the muscles simultaneously to achieve
the maximum strength of the muscles within the bounds of the system that is developed. Also,
all the muscles being actuated would result in just a linear extension of the muscle and not cause
any bending theoretically. However, due to human error in the assembly of the system, there still
was a small bend which could not be avoided, however, this error does not tamper with the tests
being performed. When the muscles were actuated and hanging from the table, incremental ballistic
weights were added starting from 1 kilogram which was easily carried by the arm. Increasing the
weight to 2 kgs, 2.5 kgs, 3 kgs and repeating the tests received the same results as well. With
any further increase in the weight the system would start reacting and start bending due to the
gravitational pull. The conclusion derived from this experiment was that the muscles do not possess
a high bending load capacity. However, the tensile load capacity was still not tested and would be
done only when the final assembly would be created.
Another noticeable parameter that would be significant for the purpose of our application
would be response time of both sections when the body is actuated simultaneously. When the
pressure is applied to the system, the input is supplied simultaneously, however the primal section
responds to the pressure relatively more quickly than the distal section and that is due to the
extended area that the compressed air needs to travel, to reach the distal section through the spiral
tubing in the primal section to actually fill the distal bladder and start actuating it. This delay is
not massive but is noticeable. This is something that could not be improved within the bounds of
the pneumatic system that was developed.

2.4

Electrical Hardware and Software
This section includes the construction of the backpack, the electrical circuit that constitutes

the second half of the physical assembly after the robotic arms. The importance of having this
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system on the body of the user is to provide a device that can be carried through a variety of spaces
coherently with the user.

2.4.1

The Backpack
The backpack used for this application is responsible for making this fall mitigation device

mobile carrying the entire circuit within it. As the carrier, its responsibility is to be ergonomic to
allow the robotic arms to pursue the responsibility allotted to it. It is also important for the bag
to be easy to carry and contain harnesses that can hold itself close to the body of the user to allow
accurate measurements to be taken from the sensors attached in the bag and lastly provide a system
that provides easy maintenance in case of an electrical failure. The front view of the assembled
backpack can be seen below.

Figure 2.9: Front view of assembled backpack

The backpack contains a frame over which the entire electrical system has been assembled
and also provide a rigid support for the robotic arms to be constrained effectively. As this frame is
meant to be placed in the backpack, it is understood that the design of this frame must be concise,
firmly fixed and lightweight. Also, it is necessary to ensure that the frame does not extrude out of
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the bag’s fabric causing discomfort to the user while using the backpack.
The frame of the backpack is divided into two main sections. The bottom half of the frame
contains the assembly of the regulators that need to be constrained and the top half of the circuit
holds the electronic elements and the sensor assembly. It is important to separate these two sections
to avoid any environmental factors affecting the sensors due to heating, vibrations or a magnetic
field. The base plate of the frame is an aluminium based flat plate with dimensions 50 cm x 28
cm. Around three quarters of this frame accounts for the bottom half that contains holes for 12
regulators to be attached to the frame. The regulators contain a rectangular base with 4 holes with
threads along the vertices of the base measuring 3 mm in diameter. The base plate also needed
to ensure that there was enough space between two regulators for easy removal and attachment of
a single regulator if one had to be replaced. To ensure that this spacing was achieved, the twelve
regulators were placed arbitrarily on the base plate in 6 rows and 2 columns. The two regulators
placed in a single row were kept further apart as the input and output pressure tubing could flow
through the centre of the assembly and provide space for any extra wiring to sit within that allotted
space as well. Once the twelve regulators were placed together, their position were marked on the
base plate.
Now that the positions of the regulators have been fixed, a 2D jig was printed on a sheet
of paper that was identical to the size of the regulators base with the holes drawn to accurately
drill the holes for each regulator to be constrained in place. The 2D fixture, can be seen below.
Each hole of the regulator has a 3 mm diameter so that a small bolt can fit through the back of the
base plate and attach itself tightly with the threading of the regulator. Once the holes have been
drilled into the base plate, the regulators are attached and the bottom half of the base plate has
been partially assembled. It is also important to note for assembly that the input and output plugs
of the regulators should have been connected before the regulators are attached to the base plate as
these plugs contain threading which need to be rotated through to fit accurately in the regulator.
The height of the regulator is not ideal for it to be rotated as the base plate interferes in the process.
The next step after assembling the regulators on the base plate is to establish the wiring
circuit for the input flow of pressure from the compressor and the output flow of the regulators to
each muscle. As it can be noted in the diagram, the input side of the regulators have a two-way
plug attached to it, this has been done to ensure minimal tubing is used and a single input line
adequately sends the pressure from the compressor to each regulator. An input line connects to a
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Figure 2.10: Regulator tubing and wiring assembly top view

two way plug which then flows to the left left column and the right column of regulators with each
input connecting itself with the next one. Apart from the last row which has one-way plug as the
circuit needs to end there.
The output plugs are attached to the right hand side of the regulators when seen in the
front view with each regulator having a single plug to individually supply the required pressure to
each muscle in the robotic arm. The sizing of the input pressure line and the output pressure line
is different on both the columns as well. This is because the input pressure tubing for the primal
and distal muscle in the robotic arm are different with the primal muscle having a 4 mm input line
and the distal muscle connecting a reducer has a 6.35 mm plug on the outside as seen on the boss
attached to the end plate of the arm. Hence, to divide each tubing systematically, the left column
of the base plate contains the 6.35 mm plugs while the right column of regulators contain the 4 mm
input plugs on the regulator.
The next step is to connect the electrical power supply on each regulator which will then be
connected to the electronic circuit in the top half of the base plate assembly. The electrical cables are
3 pin wires containing the live, signal and ground wires to the electronic circuit for each regulator.
The assembly of the base plate with the wiring and tubing assembly completed can be seen below.
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This completes the assembly of the bottom half of the base plate. The base plate has
approximately a quarter area of space left from the entire page to fit the electronic circuit, hence
the assembly needs to planned and fitted as tightly as possible. As mentioned earlier, the electronic
assembly has to be separated from the regulator assembly, hence a barrier is established above the
regulators from one end to the other in breadth to separate the two halves of the system. The depth
of the barrier is the 147 mm which matches the depth of the backpack to add as much space as
possible for the assembly to fit. Two more plates need to be fitted on each side edge of the barrier
to provide a rigid support for the robotic arms to connect. To ensure that all these plates are fitted
tightly with each other, two T-joints have been used on either side of each plate to create fixed
connection between the barrier, the two side plates and the base plate. This assembly creates a
4 wall semi-closed cuboid for the entire electronic assembly and robotic arm inputs to be secured
within. The electronic circuit includes the following components that must be attached within this
cuboid.
• The PCB board with all the digital to analog converters and integrated circuits.
• The multiplexer to display the pressures in each regulator in the software.
• Arduino board and shield with the IMU sensor fitted on top of it.
• The battery pack to power the Arduino.
The PCB board is connected to standoff bolts that are bolted in the base plate and lie
vertically on the base plate of the frame. Th IMU sensor needs to be placed in a position that
provides a firm joint with accurate data based on the position of the mannequin. Hence it is
attached to the barrier plate on the upper side to achieve the same. The multiplexer is placed right
in the centre of the barrier on the upper side perpendicular to the PCB board as it needs to be in
close proximity to it to allow the cables from the same wire be connected to both of these boards.
The battery back in this assembly is the most bulky component and would interfere in the input
pressure lines if placed above the barrier. Hence, to avoid that hindrance, the battery is attached on
the lower side of the barrier using the same standoff bolts in the gap existing between the first row
of regulators. The placement of the above electronic components of this system can be seen below.
Lastly, the side plates must possess a hole big enough to fit the three bosses on the end
plate of the robotic arm to allow it to enter the cuboidal space for easy access to the input plugs
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Figure 2.11: Top view of the electronic circuit in the semi-closed cuboid

and tubing to be attached to the system. For the same reason, the fabric must also but cut out
so that it can lie between the surface of the side plates the the end plate of the arm. Three holes
must be drilled that match the dimensions and spacing of the end plate to attach bolts and nuts
across the three layers of the connection to secure the fit on the side plates. To warrant the secure
fit for the arms, an intermediate attachment plate has been designed and 3D printed, to fit between
the robotic arm’s end plate and the fabric to prevent the small holes from tearing due to shearing
when the bag is lifted. This is a simple plate with a large hole for the bosses to pass easily through
and contains the same mounting holes to allow the bolt to pass through the layers from one end to
another. An 3D model of this intermediate plate can be seen below. Once these connections have
been established, the compressed air tubes can be inserted into the respective plugs to complete the
electronic system.
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Figure 2.12: Trimetric view of the intermediate plate’s 3D model

This completes the design of the frame of the bag which holds the electrical components
and provide an easy way to perform any sort of maintenance or replacement required without
disassembling the whole bag. Lastly, this whole frame needs to be secured to the bag as well, which
otherwise would case the frame to oscillate within the bag if it is not fixed. The backpack chosen was
specially to avoid this from happening. The backpack contains slots for two aluminium thin plates
which are to provide support to the user and maintain his/her posture. Two holes of 6 mm diameter
have been drilled into these frames at the points that protrude out of the slots to attach the base
frame to it with corresponding holes in the exact position to fix the whole frame into the backpack
assembly. The bolts attached can be seen in the illustration above right in front of the PCB board.
Once attached, it would complete the electrical and electronic assembly into the system.

2.5

Electrical Circuit
In this section, the individual electric components and their functionality have been dis-

cussed. The entire electrical circuit has been fitted into the backpack and is placed to provide the
feedback the system needs to identify the errors and change the system parameters as the model
desires. The algorithm for how this circuit is controlled will also be explained to complete the system model that is developed. The electrical components together perform the job of providing the
system with power and control. A list of all the electrical components used which are placed in the
backpack can be seen below.
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Part
IMU
Arduino
Digital to Analog Converter(DAC)
Integrated Circuit(IC)
Ectro-pneumatic Regulators
Battery Pack
Multiplexer

Model
MPU6050
Arduino Mega 2560 Rev3
MCP4725
LMP358AP
ITV1050-31N1N4, IT/ITV0000/1000 E/P
Mean Well LRS 150-24 VDC
DigiKey CD4067BE

Number
1
1
12
6
12
1
1

Table 2.1: List of electronic components used in the system

2.5.1

IMU sensor

Figure 2.13: IMU : MCP 4725

The IMU or the Inertial Measurement Unit, is the main sensor that is utilized for this system.
The MPU 6050 [35] is a 6-axis motion tracking device designed with a 3-axis accelerometer and 3axis gyroscope. It has the ability to measure, velocity, orientation, acceleration and displacement.
This system is used to measure the orientation of the model when the system is activated. The
3-axis gyroscope employees the orientation of the body with respect to the x,y and z axes which can
calculate roll, pitch and yaw. The tests that are going to be performed are going to be in a singular
plane hence, only one of the angles would be required at a time which will provide the system with
the angular position of the mannequin in that plane.
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Figure 2.14: Arduino Mega 2560 Rev3

2.5.2

Arduino Board
The Arduino board [36] is responsible for communicating with the entire electrical system.

It reads inputs from the the IMU sensor and notes the angular position from it. The communication
for the IMU with the other electrical components has been setup as a wired i.e, I2C connection which
allows for easy transmission within our enclosed system and ease of operation. The controller for the
system is also encoded in the Arduino software and calculates the error between the desired position
of the body and the actual angular position. The Arduino is then also responsible for sending output
signals to the DACs which will then write the pressures to the regulators to actuate the muscles
as is required by the system. The Arduino board is powered by the 24V VDC single output power
supply [37] that is placed on the underside of the barrier as mentioned in the earlier section. The
Arduino is also responsible for displaying the pressure values that the multiplexer evaluates in the
system.

2.5.3

Digital to Analog Converters (DACs)
The DACs or Digital to Analog converters used are the MCP4725 [38]. One reason why

these models were used was due to the shortage of options due to the current lack of production of
chips which otherwise would have made a single DAC communicate with more than one regulator.
However, since these were the only ones available, twelve of them have been deployed to this system
with each managing the pressures of each muscle independently. The DACs recieve a digital signal
from the Arduino board that lies between 0 and 5 volts which relates to the corresponding pressure
that needs to be applied. Since the communication setup is I2C, the wiring connections includes,
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Figure 2.15: DAC MCP 4725

the input Vin, the output Vout , VCC and VDD terminals that can be seen in the image above.

2.5.4

Integrated Circuits (ICs)

Figure 2.16: LMP358AP Integrated Circuit

The integrated circuits or ICs used are the LMP358AP [39] which acts as a voltage amplifier
in this circuit. This IC is a non-inverting amplifier circuit with a gain value of 2 which means that
the ICs receive an analog signal from the DACs between 0 and 5V which is then amplified by 2 as it
sends an output to the regulators between 0 and 10V. This is done to match the regulator’s working
voltage rating that is limited at 10V. The LMP358AP contains two separate input and output pins
which implies that two DACs can communicate with a single IC. Hence, only 6 ICs are required to
amplify the signal from the 12 DACs used. The assembly has been setup in a way that a single IC
29

communicates with the primal and distal section along the same axis on the robotic arm.
The assembly of the DACs and the IC’s holders have been setup on a PCB board which
then extends the connections with the yellow electrical connection wires that run to each regulator.

Figure 2.17: The Assembly of the PCB board with the DACs and ICs placed in the backpack

2.5.5

Regulators
The regulators used are the SMC ITV1050-31N1N4, electro-pneumatic regulators [40]. For

this system, these regulators are the pressure actuators for the system and deploy the required
pressure when needed into the system. As the name suggests, the regulators also correct the errors
and possess a feedback mechanism within its system to detect if an incorrect pressure has been
supplied to the system and regulates it. In general, the input supply air pressure from the compressor
is maintained at a value higher than the upper threshold of the system. This is to prevent any errors
from constantly occurring and also allows the regulator to have a control over the desired actuation
pressure. These models posses two NPT terminals as the input and output ports which then can be
attached with a plug of the desired size as discussed in the backpack description in the section above.
They also have a screen on the frontal face of the model that displays the pressure that the regulator
is currently supplying which makes it easy for the user to identify if a regulator is malfunctioning
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Figure 2.18: SMC ITV1050-31N1N4, electro-pneumatic regulator

2.5.6

Multiplexer

Figure 2.19: Multiplexer for recording pressures

The Multiplexer used in this circuit is the CD4067BE which acts as a backup or in for ease of
access of reading the individual pressures from the regulators. Due to the construction of the bag it
may become difficult for the user to see the screens of each regulator and check for any malfunctions
in the system without opening up the whole assembly of the backpack. This is where the multiplexer
makes the job easier for the user as he/she can now see all the pressures in a systematic manner on
a laptop screen.
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2.6

Control
The control system provides an error detection module which can detect a falling position

and correct the system’s error by sending signals to the system to reduce that error. For this
particular system, a PD controller is used to reduce the error and the rate of change of error and
provide a reaction in terms of stabilizing the body. A PD controller operates with the detection
of an error in the current position with respect to the reference position in a linear manner. The
gain values for this application are defined by iterating through multiple constant values till the
fastest response of the system could be achieved. The proportional gain defines the magnitude of
the change of error in each cycle and the derivative gain controls the rate of change of error within
each cycle. The IMU provides data in the form of yaw, pitch and roll with a sampling rate of 100
Hz. Based on the software designed, the control system provides a reaction to the body at the rate
of 12.5 Hz which then writes the changes in the signals that needs to be sent to the system. Below
is the flowchart of how this information flows through the various components of the system and
provides a detailed analysis of why each component has been used in this control system.

Figure 2.20: Flowchart of data transmission through the electrical circuit
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This section discusses the software algorithm used for this system and discusses how the
flow of information occurs within the backpack. The function of each individual component of the
system has been discussed above, hence in this section the actual function model will be created
that is developed on the software side of things. It is imperative to realize that the components used
for this system were chosen to perform a specific function while the testing scenarios were being
developed and will be discussed in detail further. This section will also explain the Arduino code
that has been used for this scenario. A flow chart for the flow of data through the circuit can be
seen below.
The controller programmed is a PD controller that accepts inputs from the IMU sensor
and attains the angular position of the body from the corresponding angle of the fall. The user
input defines the reference angle at which the body needs to hit. The transfer function for the PD
controller can be seen below[41].

Figure 2.21: The transfer function of a PD controller employed

The P term or the proportional term provides the feedback to the system. From the error
that is generated between the reference position and the current position, the proportional term
provides the response to the system and sends the commands required to minimize the error. The
constant, Kp defined as the gain determines the rate of change of fluctuation in the system. To
provide the system to provide a quick response, the gain value is kept at a higher value. The D
term, Kd or the derivative term of the controller resists the change in error, hence anticipating if
the fluctuation in the error is going to create an unstable solution. Hence, this term minimizes the
fluctuation with respect to time, in turn, controlling the velocity of the motion of the system from
the current position to the reference position. This allows for the system to smoothly minimize
the error generated and reach the desired reference position. Each scenario operates on different
parameters of the controller which can be seen in the next chapter.
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Chapter 3

Evaluation
To understand the extent of performance and the capacity of the muscles, certain test
methodologies were developed to determine the capacity of this soft robot. The initial tests on the
muscles have determined the individual strength, bending capability and load carrying capacity for
each single type of pneumatic muscle that was manufactured. In the table below, the comparison
between the three types of pneumatic arms can be seen and differentiated.
Arm Type
Single Muscle Arm
Single Section Arm
Multi-Section Arm

Max Pressure (psi)
65
65
65

Maximum Bending Angle (degrees)
0
180
360

Maximum Bending load capacity (kg)
1.5
2.5
3

Table 3.1: Review of tests performed on each type of soft robotic arm
Moving from a single muscle to a combination of six muscles in one arm, the noted observations would conclude that, the maximum pressure in this system would remain same due to
the system limits that they are being operated at. The bending angle is dependent on the number
of muscles in the arm as the bending arises only due to a combination of muscles being fixed to
each other and the overall length and pressure the muscles are subjected too. At the maximum
allowable operating pressure and 25 cm length of muscles, the maximum bending angle achieved
with a single muscle was 0 degrees as in this case the muscle just extends. For a combination of
three muscles which constitute one section, the maximum angle was observed to be 180 degrees and
for a combination of two sections or six muscles the achievable bending was 360 degrees.
Apart from that the bending load capacity of these arms also show some progression as we
increase the overall number of muscles in the arm. For a single muscle at maximum pressure, the
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load carrying capacity was around 1.5 kgs. For a combination of 3 muscles or a section the capacity
increases by another kilogram and lastly for a multi-section arm, the capacity further increases,
although only by a small degree amounting up to 3 kgs.
The electrical hardware and software combination allow the system to communicate with
the arms and gain some feedback to allow it to understand the next steps of operation of the system.
The combination of the DACs, microprocessor, IMU sensor together perform the responsibility of
making the system smart and to identify the pressure that the arm needs to actuate and also allow
it to process which muscles in the arm need to operate to achieve the best solution of lifting the
mannequin back in to its stable position. The regulators attached to the bag are responsible for
controlling the amount of air that needs to be supplied to each individual muscle and also corrects
the pressure if a system error does exist. Those errors are hard to trace with the human eye but can
be seen through the data log that is collected from the tests.
Keeping these parameters and limitations in mind, the testing setups and methods have
been designed to suit the model that is developed and also allow it to be as efficient and robust as
it could be to do the needful job it is supposed to.

3.1

Rocking motion test
The first test that the model is subjected to, namely the rocking motion test, is performed

to check the capability of the whole model itself. The weight of the mannequin is around 7 kgs
and the weight of the bag alone is 9.6 kgs, the model must have the ability to lift the weight of
the mannequin as well as the bag itself. To authenticate that, and to progress gradually, this test
is carried to check if the bag alone can carry its own weight and lift the bag back and forth in a
manner of a rocking chair. The initial test setup was assembled to test the strength of the arms in
extension and contraction. A noticeable limitation found here was that the arm did not possess the
ability to hold the bag in move under extension or while it is subjected to pressure, which caused the
concept model to deviate from its initial assumptions. However, the contraction motion proved to
be much stronger in comparison and could help the model move the bag depending on the pressure
remaining in the arm.
Hence, the rocking motion test was setup up below the rails while it was sitting on the
ground. The concept remained the same apart from a small change, instead of an extension motion

35

Figure 3.1: Initial Setup for Rocking Motion Test

lifting the bag up, the contraction motion was assigned to do so. The algorithm was structured to
allow the muscles to extend and create the motion of the bag falling and the contraction motion
was responsible to lift it back into the upright position. The motion was induced by chronologically
increasing and decreasing the pressure. Here, to provide maximum tensile force, all the muscles
were selected to inflate and deflate simultaneously at the same pressure and rate. As the software
demands, the signals are sent in the magnitude of digital signals, the values lying between 0 and
4095. The system bounds have been set for the pressure to prevent any damage to the muscles as
they extend due to the unprecedented forces that would act on the system due to the additional
weight and buckling due to the lack of strength of the muscles. Hence, periodically the system
increases the pressure to 55 psi, which corresponds to 1800 in digital signals, thus extending the
arms and then releasing the pressure back to zero thus contracting the arm. The layout of the setup
can be seen below.
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Figure 3.2: 3D printed stopper used for constraining longitudinal movement of the arm on the
railings

An important note to consider in this setup is that, the arms and the bag must be attached
in the same plane with the railings stretching out as wide as the arms could reach at 0 psi pressure.
This is done to set the stable condition of the body, or a condition in which the system is on its
least resisting condition, under the absence of an externally acting force or in this case the extension
of the muscles which in turn induces the motion. The arms are tied with the belt as seen in the
figure and a stopper is attached right next to it to prevent any longitudinal motion of the arms while
they are being actuated. The design of the stopper contains two semi-circular rings with the inner
diameter set to be exactly the same as that of the railing. This allows the stopper to have a tight
fit around the railing thus successfully stopping any undesirable movements. This setting shall be
set to simulate the same effect of an end effector in place. The figure below illustrates the design of
the stopper.
The results of this test performed was to provide valuable insights to the capacity of the
system as a whole and to judge the tensile strength of the muscles in extension and contraction. The
values of pressure were set to increment by an arbitrary amount of 25 bits per loop. This was to
allow a gradual movement and to judge if the arms have the capacity to carry the bag from falling
backwards to its initial position and also have enough inertia to push it towards a forward fall and
so on. However, the results of the first test observed a movement only towards the back side but
not allow it fall forwards. A few reasons were outlined, namely,
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Figure 3.3: Extended Position of the bag in the Rocking Motion test

• The construction of the bag would not allow a smooth fall in the forward direction thus causing
a resistance.
• The speed of the motion was too slow to create a forward fall motion.
• The attachment of the arms to the railings creating an ergonomic resistance to the motion.
The construction of the bag was a difficult parameter to modify and the attachment of the
arms to the railings also could not be changed drastically. However, the rate of change of pressure
could be altered based on the incremental or decremental digital signals that were controlling the
rate of change of pressure. On changing the increments from 25 to 50 and running the test again.
The result turned to a positive one as the rocking motion was now achieved and the body was able
to move back and forth in both directions smoothly due to the increased momentum it was provided
with. This proved that the system is capable of carrying the load from a falling position to its initial
position as long as it contains enough speed in movement in the contraction motion.
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3.2

Test Scenarios

Figure 3.4: General Testing setup assembly front view and side view

To test the whole assembly together, the model is tested through different test scenarios
that would match that of a genuine fall. In order to allow them to function to their maximum
capability and the limitation of using a mannequin, the fall is assumed to be linear and along the
same place. The test scenarios that were tested were:
• Backward fall scenario
• Sideways fall scenario
• Frontal fall scenario
Each test was done with a variable set up based on the required position of the arms on
the railings and the initial set body condition. This is done because the weight of the bag is higher
than the mannequin which causes a tendency of the model to fall backwards at all times if left
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unconstrained. A general assembly of the model can be seen below for reference from the front and
side view.

3.2.0.1

Backward fall scenario
In this scenario, the concept that is being tested is the ability of the model to support the

mannequin from falling backwards and lift it back up to its stable position and get it to safety. The
initial position of the assembly after setting it up is as follows:

Figure 3.5: Initial position of the Assembly for backward fall test

The setup includes the bag being mounted on the mannequin and is constrained as tightly
as possible using the belt on the torso and on the waist to provide a tight fit to the bag. This is
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to allow accurate measurements from the IMU as the relative motion between the bag and body is
restrained. The arms are attached to the railings at a point that is in front of the line of the waist
of the mannequin. Again, it is important to attach the arms in a position that ensures that no dead
zone occurs and the relationship between the angle does not deflect from its initial position. The air
supply is provided by a compressor which is connected to the splitter that connects the regulators
on the left and right columns of the plate in the bag thus supplying equal amounts of pressure to
each of them. The supply is set above the threshold limit of 55 psi to ensure that the compressor
delivers the maximum pressure without any hindrance. The laptop is connected to Arduino using a
wired connection, electrical power is provided from the wall to the power supply in the bag and the
emergency stop is connected to prevent any unprecedented circumstances and for the safety of the
model.
The model is controlled using two levels of controllers, namely the lower level and the
upper-level controller. The lower-level controller is present in the regulator that ensures that the
right amount of pressure is inserted in to the arms. The condition of using this controller is simply
that the input supply into this controller must be higher than the required amount. The regulator
contains a feedback system within itself that allows the exact amount of pressure into the system.
The upper-level controller is designed to be a PD controller that is responsible for detecting an error
in the position of the body and correcting it based on the gain values the controller is set at. After
multiple iterations the gain value, Kp is set at 45 and the derivative constant Kd is set at 0.7. The
equation of the PD controller is as follows.

P = Kp ∗ error +

Kd (error − error dif )
(time stamp − time stamp prev)

(3.1)

where,
P = Pressure in the muscles
error = difference between the angular position of the muscle and the reference position
error dif = error calculated in the previous cycle of the loop
time stamp = the time stamp of the current cycle of the running loop
time stamp prev = time stamp of the previous cycle of the loop
Kp = proportional gain with respect to the error detected
Kd = derivative gain with respect to the error detected
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The procedure starts off by activating the system on Arduino and releasing the Emergency
stop. The initial position of the bag can be between 0 degrees and 6 degrees which is the dead zone
within which a human is expected to be able to balance himself. This is provided as the torso of the
mannequin can be seen to detach slightly from the waist thus creating an initial angle which can
be ignored. Keeping that initial angle as the reference, the IMU assuming it to be 0 degrees, starts
delivering angle values to the user on the serial monitor. Simultaneously, a user input is required
to define the desired angle the body. Since the maximum pressure threshold is set at 55 psi which
corresponds to 1800 in digital signals, the maximum angle that the system can generate is close to
13 degrees and the user input is set to that angle. The system now detects the error in the current
and desired position and the controller is meant to act in accordance to that error to take it to the
desired position.
The proportionality constant and derivative constant, 45 and 0.7 respectively that were
iterated to achieve the quickest response from the system. The proportionality term determines the
gain value that needs to be achieved to decrease the error and reach the desired position whereas the
derivative term controls the angular velocity of the body to the desired position. When the 13-degree
error is detected the pressure is increased incrementally each run in the loop that incrementally
increases the value and takes the body to the desired position. Now that the body is set in the
undesirable position, from which, one can assume the body to fall, another user input is provided to
the system to call it back in to its stable condition or 0 degrees. Once the user input of 0 degrees is
provided to the system, the controller again detects the error and this time realizes that the system
must release the pressure to bring it back. This time the pressure decrements each run of the loop
moving it towards the desirable or 0-degree position. During this procedure all the muscles are
actuated together at the same pressure to provide maximum strength and tensile force that it is
capable of. The body’s motion towards the fall causes the muscles to bend and hence controlling it
tends to be arduous.
The contraction motion which was proved to be stronger in applying the tensile force,
successfully lifts the body up to its stable position within 2 seconds. This proves the concept that a
soft robot exoskeleton can be used to assist the user in lifting the body back from a falling position
to a stable upright position.
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Figure 3.6: Initial position of mannequin before backward fall (top left), mid-fall position while
falling backwards (top center), falling position of mannequin (top right), mid-position of bringing
mannequin back under retraction (bottom left), final retracted position after bringing mannequin
to a stable position(bottom right)

3.2.1

Sideways fall scenario
This test was to conduct the experiment on the model for a sideways fall of the body. The

objective was to allow the body to fall to whatever maximum degree it can fall to while extending
the muscles and bring it back into stable position when contracting the muscles.
As it can be seen, the setup required a few changes to the one the model was subjected to in
the backward fall experiment. The model as mentioned before has a tendency to fall backwards due
to the weight of the bag exceeding that of the mannequin. To allow the body to move only sideways,
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Figure 3.7: Initial Setup of the assembly for sideways fall test

a few additional physical constraints had to be added. Firstly, to avoid a backward fall, a belt
was tied around the waist of the mannequin which can be seen in the figure. It is also imperative
that these belts allow for sideways movement of the body as it would work counter-actively if it
constraints the motion of body. It also can not be left loose as that would push the body backwards
thus hindering the flow of the scenario as well. Hence, the belt was wrapped around the waist once,
and then tied to the vertical members of the railings tightly. That allows motion of the belt only
from side to side as it only allows motion of the belt while the body moves and thus creating a
fall that remains in the single sideways plane. Additionally, to induce a fall, the base plate of the
mannequin has been kept on the base shaft of the railing to give it an initial push to fall in that
particular direction. In this setup, one the muscles is attached to another type of railing to provide
the height the actuation which would help observe better results. The other arm is attached to the
same railings but is tied slightly loosely to allow some rotation on it to prevent the muscles from
damaging as that muscle would be bending intensively. The wiring of the system remains the same
with respect to the compressor, electrical supply and emergency stop.
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Figure 3.8: Initial position of mannequin before sideways fall (top left), mid-fall position while falling
sideways (top center), falling position of mannequin (top right), mid-position of bringing mannequin
back under retraction (bottom left), final retracted position after bringing mannequin to a stable
position(bottom right)

In this test the strength and tensile load capability of one single arm can be tested. In this
scenario of falling, the body is subjected to a sideways fall as discussed above. To perform this test,
the system is connected to the Arduino board and activated again. Once the emergency stop has
been released, the IMU starts reading data and a user input is required to provide the system the
desired angle the user wishes to take the body to. The bounds set for 1800 in digital signals or 55
psi, allow the body to fall to the extent the muscles are able to actuate. On setting an initial desired
angle at 14-degrees, the body starts actuating but could only reach close to 9-degrees which explains
that the limit of the falling angle for this particular length of muscle at 55 psi is 9 degrees. The
position of the figure provided is above that value at a 14-degree angle. In this experiment, since
only one of the arms are actuating the regulators attached to the other arm are set at 0 psi at all
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times to avoid and air flow in them and also provide the freedom of movement as the falling body is
going to be towards that direction. That arm, only acts as a secondary fail-safe system, in case the
model drops out of its position and starts to fall in an uncontrollable manner. As in the previous
scenario, the PD controller uses the same equation.

P = Kp ∗ error +

Kd (error − error dif )
(time stamp − time stamp prev)

(3.2)

The controller now detects the error and determines the gain values and the velocity feedback
based on the Kp and Kd values which are again set to 30 and 0.7 respectively to provide a response
to the system to bring it back into position. The system, this time writes different pressures to both
arms, the actuating muscles are subjected to the pressure that the controller determines to deliver
to step up the pressures and the other arm is still kept at 0 psi. This extends the muscles allowing
the body to fall and produces the angle as seen above.
As the body reaches the falling position, a second user input is required to direct the system
to bring the model back into its initial or 0-degree reference position. As noted in the setup, the
initial angle is not 0 degrees, but lie within the threshold of 6 degrees, which assumes that a human
can still balance himself within that range. As the second user input is provided the controller again
detects the error and releases the pressure from the muscles to reach the desired angle till the error
comes down to 0. The final position of the body can be seen below.
The time lapsed for the body to be lifted back up into position was approximately 2.5
seconds which is slightly higher than the backward fall test, but that can be expected as in this
scenario only one of the arms are actuating thus applying lesser force on the whole system.

3.2.2

Frontal fall scenario
This scenario is quite similar to the backward fall scenario. The only difference is that the

body is made to fall face first to check if the system is capable of handling falls in each direction.
The controller settings remaining the same within which all the muscles are actuated as the body
will drive it to its limit depending on the system bounds set.

46

Figure 3.9: Initial position of the assembly for frontal fall test

The setup in this scenario, although is not as simple as it was in the backward fall. As
mentioned in the side fall scenario, the body has a constant tendency to fall backwards, it was
important to set the mannequin up in a way that induces a forward fall. To do so, firstly, the base
plate of the mannequin was placed at an angle to the structural elements of the railing. This is done
as the structural member on the base plate was also behind the feet of the mannequin which makes
it difficult for it fall forwards. Additionally, two ankle weights of 5 pounds each were attached to
the chest of mannequin to add weight to the system that cancels out the current imbalance. These
two physical constraints together can only allow smooth transition of the body falling in the forward
direction. Apart from these changes, the placement of the robotic arms on the railings is critical as
well in this scenario. The arms must be attached behind the waist of the mannequin and tied with
the belt as tightly as possible. Since, the body is placed closer to one of the ends of the railings,
structural members of the railings act as stoppers to allow the arms from slipping over the railing.
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Figure 3.10: Initial position of mannequin before frontal fall (top left), mid-fall position while falling
forwards (top center), falling position of mannequin (top right), mid-position of bringing mannequin
back under retraction (bottom left), final retracted position after bringing mannequin to a stable
position(bottom right)

Since the system has additional weights attached to it, the PD controller parameters also
had to be adjusted to provide a smooth and safe response. A faster response from the system would
lead to slipping of the base plate from the railing resulting in the falling of the mannequin in the
forward direction. To allow for a safe movement the Kp value was changed to 40 while the Kd value
remained at 0.7. This makes the gain value for each run of the loop in the controller smaller but
avoids an overshoot hence lifting the mannequin back up into its initial position. Another important
notice in the setup is the placement of the base plate. The placement of the base plate along with
the attachment of the muscles is responsible for inducing the fall in the forward direction of the
system. Hence, while the initial assembly is set, it is important to ensure that the position tilts
forward such that when the arms extend, the muscles do not extend and buckle up in position or
start to fall backward. This test employs the same PD controller equation and feedback mechanism
as in the previous tests.
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P = Kp ∗ error +

Kd (error − error dif )
(time stamp − time stamp prev)

(3.3)

The results observed from the test, see the mannequin being lifted up in around 2.5 seconds.
As it can be observed, the feedback time is relatively longer than that for the backward tests, but
that is expected due to the additional physical constraints of the position and weight that have been
added to the system. All in all, the system still performs the job under a larger load which proves
that the breaking point of the arm is higher than what this system can subject it to.

3.3

Discussion
In this section the system’s outputs are going to be discussed for the three test scenarios that

have been performed in the previous section. It will talk about the progression of the error for the
extension and contraction cycles. The system response from the PD controller and its corresponding
physical response of the system would be observed.

3.3.1

Backward fall scenario
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Figure 3.11: Progression of Pressure in digital signals (unitless) in backward fall test scenario
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Backward Fall Extension Error Plot
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Backward Fall Contraction Error Plot
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Figure 3.12: Progression of Error in backward fall test scenario

In the backward fall test, the test methodology provided the procedure with which the
system activates the feedback control from the PD controller that helps to shift the mannequin’s
current angular position to the reference position. The controller, responsible for detecting and
minimizing that error, actuates the robotic arm and releases the pressure from it based on the data
input provided in the controller. A pressure progression plot can be seen above which observes the
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change in pressure with respect to each reading from the sensor from the instant a user input is
provided to the controller.
In the plot, it can be observed that the controller response is quite quick and it has the
ability to actuate the arm based on the demands of the system without any time delay whatsoever.
The response is smooth and occurs at an extremely high rate during both extension and contraction
which is beneficial to the system and the user as it would detect the need of a fall and help the
user to correct his/her standing position as quickly as possible to prevent a fall. The system bounds
placed hold the pressure at the upper and lower bounds which ensures the safety of the system and
also avoids any potential damage.
Simultaneously, the controller also mitigates the error indicated as a result of the actuation
or releases of pressure into the system. This error which indicates the difference between the angular
position of the body with respect to the desired position is minimized but is not particularly linear.
The plot of the error progression indicates how the system reacts to the pressure delivered into the
system.
The figure plotted for the error runs on the same time stamp as that of the pressure as
can be noted by comparing the two plots. The change in error however occurs at a much lower
rate as that compared to the pressure actuation. This proves that the physical system possesses a
lag, which delays the response from the system. This occurs due to the distance the air needs to
travel from the regulator to the end of the distil section of the arm, as well as due to the material
properties of the system which slow the response down as well. It can also be noted that the rate of
change of extension is slower than the rate of retraction where in the muscles release the pressure
much quickly and bring the mannequin back into position. This also indicates the system response
is different for both motions and non-linear.

3.3.2

Sideways fall scenario
In the side fall scenario, only six of the twelve muscles are actuated as well as the physical

setup requires additional physical constraints to allow the motion to occur in a single plane as seen
in the previous section. This makes the bounds of the system more strict as already seen in the
methodology. The plot for the pressure and error progression through the extension and retraction
cycle of the arms can be seen in the plots below.
The pressure progression as can be seen in the plot above does not change much from the
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Sideway Fall Pressure Plot
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Figure 3.13: Progression of Pressure in digital signals (unitless) in side fall test scenario

backward fall scenario. This just means that the system response in terms of applying the pressure
into the regulators remains the same. The feedback system of the PD controller allows the system
to react quickly to the generated error and leads it towards the upper or lower pressure thresholds
as quickly as it can. The additional constraints may have participated in constraining the body to
fall to a certain degree but those can also be observed due to the lack of space for the body to fall
towards as the second muscle attached to the railings was buckling but holding the system together.
The error progression however is quite different to the one that was seen on the backward
fall. The reduction in error occurred in multiple steps, however the physical response over this
system seems to be quite smooth over the reduction. This could also be because of the altered
controller constants i.e. proportionality and derivative constant. The physical system still holds the
delay in the response as discussed earlier and the retraction motion is occurs much quicker than the
extension. Also, the rate of progression of error can be observed to be quicker than what was seen
on the previous test without the undesired oscillation to reach the reference position.

3.3.3

Frontal fall scenario
In the frontal fall scenario, as discussed in the methodology, more changes are made to make

the system viable to the forward fall. Additionally, ankle weights of 10 pounds being added to the
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Sideway Fall Extension Error Plot
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Sideways Fall Contraction Error Plot
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Figure 3.14: Progression of Error in side fall test scenario

system also affect the system response. Since, the fall in the forward direction was difficult, the
initial setup also had to be unstable which meant that it would be difficult to avoid any noise from
the system as there are no physical belts constraining the motion for this test. The plots below show
how the system reacts to the front fall tests and how do they relate to previous scenarios as well.
In this test, the pressure plot provides a variable response as compared to the previous
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Forward Fall Pressure Plot
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Figure 3.15: Progression of Pressure in digital signals (unitless) in front fall test scenario

tests. The main reason for such a response is the additional weight added to the system, that
change the parameters of the system. As it can be seen in the plot, the pressure plot starts quite
similar to the back and side fall scenario, for the extension line, the plot increases the pressure
to the upper threshold as the controller detects the error and starts to command the system to
minimize it. Although, as the soft robotic arms extend, the additional weight and the unstable
initial condition, makes the system go an angle further than the desired reference. The controller
then detects this error and drops the pressure based on the overshoot to recover the angle and lead
it towards the desired reference position. This shows the true feedback control of the PD controller
in an instance of an undesired output. It also signifies the importance of the PD controller in the
system to constantly control the system or the robotic arms to not allow any unsolicited responses.
The contraction cycle pressure however, still seems to react in quite the same manner as the previous
tests, as can be expected as the system is commanded to return to the initial position. The response
from the controller is fast and the regulators follow it by releasing all the pressure inside the system.
The progression of error also follows a different path as compared to the previous tests.
Due to the additional weight, there exists an oscillatory motion along the reference position, as the
controller’s response is hindered by the additional weights making the system unstable and hence,
making it difficult for the model to move in a linear systematic manner. The error plot for the
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Figure 3.16: Progression of Error in front fall test scenario

extension can be observed to drop below the zero error mark but not completely reach the zero error
mark, this again is due to the additional weight that the controller may not initially anticipate but
possess the ability to correct it as soon as possible. This controller operates at a slightly lower value
of gain compared to the backward fall test and that allows the error to minimize in amplitude at
a quick but linear rate. There still exists a few oscillations around the zero error mark which were
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quite difficult to eliminate. On the retraction side, the system now works against the additional
weights added, this makes it difficult for the controller again to achieve a smooth transition and
hence creates a few oscillations as it takes control over the velocity of the movement of the body
anticipating an unstable output thus slowing down the whole process. This leads to the system
taking slightly more time than the other scenarios to reach the desired position and be stable at it.
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Chapter 4

Conclusions and Future Work
In this thesis, two soft robotic arms have been developed that can be controlled and configured in real time that possess the ability to mitigate falls in the forward, backward and sideways
direction was introduced. The soft robotic arms contain an elastic bladder bounded with an extension nylon braiding and sealed with the help of custom made 3D printed barbed connectors and
plugs. The two-section soft pneumatic arm is then fitted onto a conventional trekking backpack
to develop a mobile system that can be harnessed on the back of one’s body. The prototype was
subjected to falls in the forward, backward and sideways direction and the observations for each
test were recorded. The system activates itself after an error is detected and takes between two to
three seconds to bring the test dummy back to a stable position based on the current parameters
and constraints.
The prototype represents a first backpack system with soft robotic arms that can extend
and once attached to a suitable object have the ability to react to a fall and bring the user back to
a position that avoids the fall altogether. It represents a novel contribution towards the literature
of robotic sciences how these robotic systems can provide a source of safety and security to those
susceptible to falling due to a medical or physical condition. The thesis demonstrates its ability to
protect its users and provide a safer environment for the elderly as well. It also extends its contribution towards the study of continuum robots and their applications and provides an opportunity
for enabling a secure mobile system to be used in Bio-Medical Sciences as well.
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4.1

Future Work
The current developed system operates with certain limitations but proves the concept of

the use of soft robots for fall mitigation. Hence, there exists a high scope of improvement that could
bolster the research forward and provide the community with a product better suited to their needs
as compared to the scope of this thesis. The following key areas discussed provide an opportunity
for improvement over the future and direct the future research.
The first aspect of improvement in the current system is adding a gripper for the arms so
that they possess they ability to grapple on objects of the environment that may or may not have
a railing to hold. The gripper can either be a rigid and robust mechanical system or pneumatically
actuate system that has the capability and the strength to hold the system tightly and allow the
arms to do the needful job.
The second most important aspect of the system would be to improve the strength of the
existing robotic arm. This can be done by using stronger materials for the bladder but may affect
the extent of bending achieved which is an iterative process that would have to be conducted. In this
current setup the extension strength is quite low resulting in the muscles buckling when actuated
but being unable to carry any sort of load. Another possible method of improving the robotic arm
would be to try using contraction muscles which are stronger in theory but again a balance would
have to be struck as it hinder the arm’s ability to detect the fall and extend towards an object to
grip. Another possible solution would be to design the robotic arm with a combination of extension
and contraction muscles, wherein, the extension leads to gripping the system and the contraction
muscles provide the stability to the user to bring it back into position even for a higher load.
The third area of improvement would be to reduce the size and weight of the whole system.
The current setup deploys a trekking backpack to hold the system close to the user. This may or
may not affect the user ergonomically but more can be learnt when actual human testing could be
conducted. Also, for people with shorter height, it may lead to unwanted scenarios where the arm
would not be able to lift the user back up completely due to the orientation of the arm with respect
to the body of the user and hence, a backpack more universally suitable may provide any human
with the safety that could be expected from the system.
The weight of the bag currently lies at 9.7kg (21.4lb) which is quite heavy while considering
the prospective users of the product. The system would need to be lighter to make it an easily
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carry for someone suffering a physical condition or an elderly person. This can be achieved by
reducing the number of parts in the system. Currently the system uses 12 regulators with each quite
heavy cumulatively making the systems quite heavy. If a single regulator can actuate more than one
muscle, the effective weight of the system can be heavily reduced. The frame of the backpack used is
also quite large to accommodate all the regulators and electronic circuits and is made of aluminium.
Prospective composite materials like carbon fibre sheets could be used to recover some weight from
the system as well.
The next key area of improvement that is quite crucial is the control system of the prototype.
The current system works in a slightly different manner for each test scenario based on the properties
of the controller, the user input and the physical constraints and conditions required by the system.
The control system can be improved by programming it to manage the system fall in any direction,
linear or non linear. It should have the capability to judge the fall in any direction and instruct the
system to react to the fall independently without any sort of user input provided. The PD controller
is a linear controller model which may or may not be favourable for an instance where the user
experiences a non-linear form, hence an optimized controller suited to the system will have to be
programmed. The prototype also is currently used in a definitive physical environment, whereas in
reality that physical environment may or may not available to the user. The system must possess
the ability to keep track of the physical environment in the 3D space and possess the intelligence to
choose the physical object to grab on to while a fall occurs. Lastly, the orientation of the arms while
extending had to be compromised due to the lack of strength of the arm in the extension cycle. This
needs to be updated with arms to allow the safety of the robotic arm and avoid any sort of damage
to the user or the system.
Another crucial area of improvement required in the control system would be to improve the
time of response from the muscles. Currently, from the plots, it can be observed that the contraction
cycle of the tests occurs in about two to three seconds from the time of actuation. With an increase
in the threshold pressure and with regulators that allow a higher flow rate, a faster response could
be attained. Another possible reason for the delay in the system would be to shorten the distance
that needs to be travelled by the air into the muscles to change their shape. By providing a faster
route, the response time of the muscles could be potentially reduced.
The last area of improvement would be to have a mobile compressor designed with the system. Currently, the compressor powering the system sits, outside the bag and allows the movement
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for the user in a confined space. Having a lightweight compressor powerful enough to supply the
pressure to the arms for the user while being situated inside the backpack would provide the user
with much more freedom and comfort of movement in an open space while using the product without
having to carry a compressor with the bag. The power to the regulators currently is also taken from
a wall socket allowing the movement, again, in only a confined space. To have a battery pack fitted
into the system would make it completely independent and ready for any situation that arises.
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Appendix A

Software Code

The Arduino code for the testing scenarios is based on the algorithm set for the control
system of the model seen in Chapter 2. For the most part, the code remains identical for all the
scenarios, except for the set muscles being deployed and the arbitrary gain values of the controller.

A.1

Initializing the IMU and setting parameters in code
In this section of the code the required libraries are included, the variables needed for writing

the pressures to the DAC, the control parameters are defined and the IMU is initialized.
1 // I2Cdev and MPU6050 must be installed as libraries, or else the .cpp/.
h files
2 // for both classes must be in the include path of your project
3 #include "I2Cdev.h"
4 //#include <TimerOne.h>
5 #include "MPU6050_6Axis_MotionApps20.h"
6 //#include "MPU6050.h" // not necessary if using MotionApps include file
7
8 // Arduino Wire library is required if I2Cdev I2CDEV_ARDUINO_WIRE
implementation
9 // is used in I2Cdev.h
10 #if I2CDEV_IMPLEMENTATION == I2CDEV_ARDUINO_WIRE
11
#include "Wire.h"
12 #endif
13
14 // class default I2C address is 0x68
15 // specific I2C addresses may be passed as a parameter here
16 // AD0 low = 0x68 (default for SparkFun breakout and InvenSense
evaluation board)
17 // AD0 high = 0x69
18 MPU6050 mpu;
19 //MPU6050 mpu(0x69); // <-- use for AD0 high
20
21 // uncomment "OUTPUT_READABLE_YAWPITCHROLL" if you want to see the yaw/
22 // pitch/roll angles (in degrees) calculated from the quaternions coming
23 // from the FIFO. Note this also requires gravity vector calculations.
24 // Also note that yaw/pitch/roll angles suffer from gimbal lock (for
25 // more info, see: http://en.wikipedia.org/wiki/Gimbal_lock)
26 #define OUTPUT_READABLE_YAWPITCHROLL //This will provide you with the
angle outputs you need //for your project
27
28
29 // MPU control/status vars
30 bool dmpReady = false; // set true if DMP init was successful
31 uint8_t mpuIntStatus;
// holds actual interrupt status byte from MPU
32 uint8_t devStatus;
// return status after each device operation (0
= success, !0 = error)
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33 uint16_t packetSize;
// expected DMP packet size (default is 42 bytes
)
34 uint16_t fifoCount;
// count of all bytes currently in FIFO
35 uint8_t fifoBuffer[64]; // FIFO storage buffer
36
37 // orientation/motion vars
38 Quaternion q;
// [w, x, y, z]
quaternion container
39 VectorInt16 aa;
// [x, y, z]
accel sensor
measurements
40 VectorInt16 aaReal;
// [x, y, z]
gravity-free accel
sensor measurements
41 VectorInt16 aaWorld;
// [x, y, z]
world-frame accel sensor
measurements
42 VectorFloat gravity;
// [x, y, z]
gravity vector
43 float euler[3];
// [psi, theta, phi]
Euler angle container
44 float ypr[3];
// [yaw, pitch, roll]
yaw/pitch/roll container
and gravity vector
45
46 // packet structure for InvenSense teapot demo
47 uint8_t teapotPacket[14] = { ’$’, 0x02, 0,0, 0,0, 0,0, 0,0, 0x00, 0x00,
’\r’, ’\n’ };
48
49 //DAC Setup
50 #include <Wire.h>
51 #include <Adafruit_MCP4725.h>
52
53 Adafruit_MCP4725 dac;
54
55 int pins[12] = {51, 39 , 37, 49, 35, 47 ,33, 45, 31, 43, 29, 41};
56 int pressure[12];
57 int pins_left[6] = {33, 45, 31, 43, 29, 41 };
58 int pins_right[6] = { 51, 39, 37, 49, 35, 47 };
59
60 int pressure_left[6];
61 int pressure_right[6];
62 volatile bool flag = false;
63 int error_dif = 0;
64 int desired_a=0;
65 String inString = "";
66 int Kp = 35; //(2 * 4095 * 57)/130;
67 int Kd = 0.7;
68 int error = 0;
69 float time_stamp = 0;
70 float time_stamp_prev = 0;
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A.2

Interrupt functions and Initial Setup
In this section of the code, firstly, the interrupt functions for the IMU and the emergency

stop have been defined. These IMU interrupt functions are activated if the calibration of the IMU
fails due to improper wiring or any loose connections, or a system failure. The emergency interrupt
is activated when the emergency stop has been set to active mode and the system needs to be
stopped. The initial setup begins with the calibration from the IMU. Once the system is calibrated
properly, the serial monitor, displays a message that the sensor is ready for use. Next, the DAC pins
are initialized as output pins and the pressure in all the muscles is set to 0 as the initial condition.
1
2
3
4
5
6

// ================================================================
// ===
INTERRUPT DETECTION ROUTINE
===
// ================================================================

volatile bool mpuInterrupt = false;
// indicates whether MPU
interrupt pin has gone high
7 void dmpDataReady() {
8
mpuInterrupt = true;
9 }
10
11
12 void interruptFunction(){
13
flag = digitalRead(18);
14 }
15
16
17 // ================================================================
18 // ===
INITIAL SETUP
===
19 // ================================================================
20
21 void setup() {
22
// join I2C bus (I2Cdev library doesn’t do this automatically)
23
#if I2CDEV_IMPLEMENTATION == I2CDEV_ARDUINO_WIRE
24
Wire.begin();
25
Wire.setClock(400000); // 400kHz I2C clock. Comment this line if
having compilation difficulties
26
#elif I2CDEV_IMPLEMENTATION == I2CDEV_BUILTIN_FASTWIRE
27
Fastwire::setup(400, true);
28
#endif
29
30
// initialize serial communication
31
// (115200 chosen because it is required for Teapot Demo output, but
it’s
32
// really up to you depending on your project)
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33

34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76

Serial.begin(115200); //Outputs can be viewed on your serial monitor
(you can open in the tool //menu). Make sure to set the baud
rate to 115200
while (!Serial); // wait for Leonardo enumeration, others continue
immediately

// initialize device
//Serial.println(F("Initializing I2C devices..."));
mpu.initialize();
// pinMode(INTERRUPT_PIN, INPUT);
// verify connection
//Serial.println(F("Testing device connections..."));
//Serial.println(mpu.testConnection() ? F("MPU6050 connection
successful") : F("MPU6050 connection failed"));

// load and configure the DMP
//Serial.println(F("Initializing DMP..."));
devStatus = mpu.dmpInitialize();
// supply your own gyro offsets here, scaled for min sensitivity
mpu.setXGyroOffset(220);
mpu.setYGyroOffset(76);
mpu.setZGyroOffset(-85);
mpu.setZAccelOffset(1788); // 1688 factory default for my test chip
// make sure it worked (returns 0 if so)
if (devStatus == 0) {
// Calibration Time: generate offsets and calibrate our MPU6050
mpu.CalibrateAccel(6);
mpu.CalibrateGyro(6);
mpu.PrintActiveOffsets();
// turn on the DMP, now that it’s ready
// Serial.println(F("Enabling DMP..."));
mpu.setDMPEnabled(true);
// enable Arduino interrupt detection
// Serial.print(F("Enabling interrupt detection (Arduino external
interrupt "));
// Serial.print(digitalPinToInterrupt(INTERRUPT_PIN));
Serial.println(F(")..."));
//attachInterrupt(digitalPinToInterrupt(INTERRUPT_PIN),
dmpDataReady, RISING);
mpuIntStatus = mpu.getIntStatus();
// set our DMP Ready flag so the main loop() function knows it’s
okay to use it
//Serial.println(F("DMP ready! Waiting for first interrupt..."))
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77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117

;
dmpReady = true;
// get expected DMP packet size for later comparison
packetSize = mpu.dmpGetFIFOPacketSize();
} else {
// ERROR!
// 1 = initial memory load failed
// 2 = DMP configuration updates failed
// (if it’s going to break, usually the code will be 1)
Serial.print(F("DMP Initialization failed (code "));
Serial.print(devStatus);
Serial.println(F(")"));
}
// configure LED for output
//pinMode(LED_PIN, OUTPUT);
//DACs have been assigned on pin 63
dac.begin(0x63);
// Set Arduino Pins as Output
for( int i= 0; i<12; i++)
{
pinMode(pins[i], OUTPUT);
}
attachInterrupt(digitalPinToInterrupt(18), interruptFunction, CHANGE);
pinMode(18, INPUT_PULLUP);
for(int i =0 ; i <12 ; i++)
{
pressure[i] = 0;
digitalWrite(pins[i], HIGH);
dac.setVoltage(pressure[i],false);
delay(5);
digitalWrite(pins[i],LOW);
}
delay(5000);
}
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A.3

Controller Activation and Main Loop
In this section, the first set of commands generated through ifdef provides the output from

the IMU sensor of the current angular position in degrees through the gyroscope in terms of yaw,
pitch and roll correspondingly in the array [ypr]. The next step is to set up the controller where the
error would be calculated based on the input reference position set by the user. Based on the error
generated, the pressure required by the system is calculated over the next step for each muscle. To
help keep the system safe during the test scenarios, the bound conditions on the pressure have been
applied that only allow the muscles to actuate up to 55 psi(1800 in digital signal magnitude). Once
the required pressures have been calculated, those values are written to the DAC using digitalWrite
and the corresponding data that needs to be recorded is printed on the serial monitor. If the pressure
for any muscle has not been calculated, they are subjected to 0 pressure as indicated through the
else statement. Lastly, the serialEvent function sets up the user input to be recorded through the
serial monitor that allows the system to store that value as the reference for the controller.
1 void loop()
2 {
3
4
5
if(!flag){
6
// if programming failed, don’t try to do anything
7
if (!dmpReady) return;
8
// read a packet from FIFO
9
if (mpu.dmpGetCurrentFIFOPacket(fifoBuffer)) { // Get the Latest
packet
10 // Step 1: Get input values of yaw, pitch and roll from the IMU
11
#ifdef OUTPUT_READABLE_YAWPITCHROLL
12
// display Euler angles in degrees
13
mpu.dmpGetQuaternion(&q, fifoBuffer);
14
mpu.dmpGetGravity(&gravity, &q);
15
mpu.dmpGetYawPitchRoll(ypr, &q, &gravity);
16
//Serial.print("ypr\t");
17 //
Serial.print(ypr[0] * 180/M_PI);
18 //
Serial.print(",");
19 //
Serial.print(ypr[1] * 180/M_PI);
20 //
Serial.print(",");
21 //
Serial.println(ypr[2] * 180/M_PI);
22 //
Serial.print("\t");
23
#endif
24 //This is the only section that will run in your main loop. It will
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output ypr # # # where the three numbers //are your yaw, pitch and
roll. If you want to edit what you see outputted in the serial
monitor you will //need to change the serial.print lines in this
section.
25 }
26
27
28 // Step 2: Define the desired angle from the serial event mentioned
below and calculate the error based on the angles
29 // from the IMU
30
31
error = {desired_a - abs(ypr[2]*180/M_PI)};
32 // Step 3 : Evaluate the pressure values based on the error
33
34
for ( int i = 0; i < 12 ; i++)
35 {
36
time_stamp = millis();
37 // P = Kp(error) + Kd(error - error_dif)
38 // Kp = constant * 4095 * 57/130
39 // Kd = 0 for the time being
40 // time_stamp will note the current time of the loop and then later on
store that value in time_stamp’ to find the difference between each
running cycle of the loop
41
pressure[i] += Kp*error + Kd*((error - error_dif)/(time_stamp time_stamp_prev));
42
43
44
45
46 // Setting bounds on the pressure to ensure it does not exceed the
desired limit
47
48 if (pressure[i] > 1800)
49 {
50
pressure[i] = 1800;
51
52 }
53 if (pressure[i] < 0)
54 {
55
pressure[i] = 0;
56 }
57
58 }
59
60
for (int i = 0; i < 12 ; i++)
61 {
62
digitalWrite(pins[i], HIGH);
63
dac.setVoltage(pressure[i],false);
64
delay(5);
65
digitalWrite(pins[i],LOW);
66 }
68

67 Serial.print((error-error_dif)/(time_stamp - time_stamp_prev));
68 Serial.print("\t");
69
70
error_dif = error;
71
time_stamp_prev = time_stamp;
// adding the time stamp to
calculate the angular velocity of the body for deploying Kd
72 // Serial.print("Pressure");
73
Serial.print(pressure[1]);
74
Serial.print("\t");
75 // Serial.print("Error");
76
Serial.print(error);
77
Serial.print("\t");
78
Serial.print(time_stamp/1000);
79
Serial.print("\t");
80
Serial.println(ypr[2] * 180/M_PI);
81
Serial.print("\t");
82
}
83
84 else
85 {
86
for (int i =0; i < 12 ; i++)
87 {
88
digitalWrite(pins[i], HIGH);
89
dac.setVoltage(0,false);
90
delay(5);
91
digitalWrite(pins[i],LOW);
92 }
93 }
94
95 }
96
97
98 void serialEvent() {
99
while (Serial.available()) {
100
// Serial.print("Enter the desired angle to get to, that should lie
between 0 and 20 degrees");
101
int inChar = Serial.read();
102
if (isDigit(inChar)) {
103
// convert the incoming byte to a char
104
// and add it to the string:
105
inString += (char)inChar;
106
}
107
// if you get a newline, print the string,
108
// then the string’s value:
109
if (inChar == ’\n’) {
110
int("Value:");
111
Serial.println(inString.toInt());
112
Serial.print("String: ");
113
Serial.println(inString);
114
desired_a=inString.toInt();
115
// clear the string for new input:
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116
inString = "";
117
}
118
}
119 }
120 }
If the sidefall scenario is deployed, the array containing the pressure values and the function
writing the pressures to the DACs are modified as follows.
1
2
3
4
5
6
7
8
9
10
11

error = {desired_a - abs(ypr[1]*180/M_PI)};
// Step 3 : Evaluate the pressure values based on the error
for ( int i = 0; i < 6 ; i++)
{
time_stamp = millis();
// P = Kp(error) + Kd(error - error_dif)
// Kp = constant * 4095 * 57/130
// Kd = 0 for the time being
// pressure_left[i] += Kp*error + Kd*(error - error_dif);
pressure_right[i] += Kp*error + Kd*((error - error_dif)/(time_stamp time_stamp_prev));

12
13
14 // Setting bounds on the pressure to ensure it does not exceed the
desired limit
15
16 if (pressure_right[i] > 1800)
17 {
18
pressure_right[i] = 1800;
19
20 }
21 if (pressure_right[i] < 0)
22 {
23
pressure_right[i] = 0;
24 }
25
26 }
27
28
29
for (int i = 0; i < 6 ; i++)
30 {
31
digitalWrite(pins_right[i], HIGH);
32
dac.setVoltage(pressure_right[i],false);
33
delay(5);
34
digitalWrite(pins_right[i],LOW);
35 }
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